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work? Yes! Growing microtubules 
can push against things, producing 
forces up to 4pN — comparable 
to the force produced by a kinesin 
motor, and enough to buckle the 
microtubules. Also, if the end of a 
shrinking microtubule is attached 
to an object, it can pull as it shrinks. 
In fact, microtubules attached to 
special sites on chromosomes are 
thought to use this type of force to 
pull the chromosomes apart during 
anaphase.
How is dynamic instability 
regulated? Some microtubule-
associated proteins, or MAPs, 
can attach along the sides of 
the microtubules, slowing or 
reversing shrinkage. These 
MAPs are dominant in interphase 
cells and neurons, which is why 
microtubules in these cells are 
not very dynamic. Other MAPs, 
dominant in mitosis, attach to 
microtubule ends, where they 
can stabilize or destabilize 
microtubules by changing the 
frequencies of transitions between 
growing and shrinking states. The 
activity of many of these MAPs 
is highly regulated in time and in 
space. 
Why is spatial regulation 
of dynamic instability 
important? Dynamic instability 
allows microtubules to rapidly 
explore space. If microtubules 
are preferentially stabilized or 
destabilized when they reach 
certain locations, the cell can build 
microtubule arrays with specific 
shapes. For example, during 
mitosis, selective stabilization 
of microtubules that encounter 
chromosomes is thought to help 
form the mitotic spindle.
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What is a power stroke? 
A power stroke is large, 
rapid structural change in a 
protein that can be used to 
do mechanical work. A power 
stroke has a size on the order 
of the dimension of the protein 
itself (several nanometers); this 
distinguishes it from the much 
smaller localized structural 
changes that occur when a 
protein binds to a ligand or 
catalyzes a chemical reaction 
(the size of a chemical bond or 
a few Ångstroms). The concept 
was first formulated for the 
protein myosin II which drives 
the contraction of muscle 
[1]. Subsequently, the term 
has been used to describe 
the conformational changes 
that take place in other motor 
proteins, such as the kinesins 
and the dyneins, as well as other 
macromolecular machines, such 
as protein translocases, the 
bacterial motor, ATP synthase 
and polymerases. 
What drives a power stroke? The 
idea is that the protein has two 
different structural states, and 
that the binding or unbinding of a 
small molecule — or a chemical 
change in a bound molecule 
such as the hydrolysis of ATP — 
switches the protein from being 
primarily in structural state 1 to 
being primarily in structural state 
2 (Figure 1A). If the structural 
states differ by a distance d, then 
the power stroke can do work 
against an external loading force 
F provided that F·d ≤ ∆G, where 
∆G is the decrease in free energy 
between the two chemical states. 
The power stroke of myosin II 
defined by crystallographic 
studies is illustrated in Figure 1B. 
How is a power stroke 
measured? The first hint of 
the power stroke came from 
single-molecule recordings on 
myosin II interacting with an actin 
filament using an optical trap. The recordings were difficult 
to interpret, however, because 
phosphate dissociates very 
shortly after the myosin binds to 
actin and so it was difficult to get 
a fix on the initial binding position 
(left-hand side of Figure 1B). But 
it was subsequently discovered 
that a different isoform, 
myosin I, undergoes a large 
conformational change upon 
ADP release: a rapid movement 
of 5 nm between the long-lived 
ADP and nucleotide-free states 
could therefore be well resolved 
[3]. The amplitude of this power 
stroke was confirmed by  
cryo-electron microscopy images 
of actin filaments ‘decorated’ 
with myosin I heads: addition 
of ADP to the nucleotide-free 
molecule induced a counter 
rotation of the lever arm domain. 
Such ADP-induced power stokes 
have subsequently been seen in 
several myosin-related proteins 
and kinesin. 
How are the chemical and 
structural changes coupled? 
To understand transitions 
between states, our static 
picture has to be replaced 
by one in which a protein 
fluctuates about an average or 
most-common structure, so the 
size of the power stoke will vary 
about a mean value from one 
observation to another. There 
are two ‘extreme’ views on how 
a chemical change could lead to 
a structural change. In the first, 
the chemical change strictly 
precedes the structural change: 
the changes in chemical bonds 
associated with a change in 
the ligand produce a highly 
strained conformation that 
relaxes into the final structural 
state. One can think of the 
chemical change cocking a 
spring that, when released, 
drives the protein forward. 
In the second, the structural 
change precedes the chemical 
one: the protein fluctuates, 
because of thermal forces, from 
its initial state to its final one 
before being trapped there by 
the chemical change. One can 
think of a door fluctuating into 
its open position against its 
hinge: once it has opened far 
enough, the chemical change 
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(A) A power stroke is a struc-
tural change in a protein 
(State 1 → 2) that is driven 
by a chemical change (red 
→ green). In this example, 
the chemical change is un-
binding of a ligand (L). (B) 
The power stroke of muscle 
myosin associated with 
the unbinding of inorganic 
phosphate [2]: the lever 
swings towards the plus 
(barbed) end of the actin fil-
ament. For myosin d ≈ 5 nm. 
(Courtesy Ken Holmes.)
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Current Biologyacts like a foot in the door that 
prevents it from slamming shut. 
The former mechanism is called 
a power-stroke mechanism, 
the latter a Brownian ratchet 
mechanism [4]. The terminology 
is confusing because both 
mechanisms lead to a stroke 
that can do mechanical work. 
The different mechanisms are 
illustrated in Figure 2. 
Whoa! Where did that name 
Brownian ratchet come from? 
There is a well-known chapter 
in Feynman’s Lectures Notes 
in Physics [5] that describes 
a potential perpetual motion 
machine. It consists of a ratchet 
that is prevented from going 
backwards by a pawl. Thermal 
fluctuations are able to drive the 
ratchet forward a notch even in 
the presence of a load, and the 
pawl rectifies them. Of course, 
this cannot happen when the 
system is at thermal equilibrium, 
but a chemical reaction such 
as ATP hydrolysis is far from 
equilibrium at cellular ATP, ADP 
and Pi concentrations, so that 
the hydrolysis reaction could 
in principle be used to rectify 
a thermally driven motion. In 
more precise physical theories 
the ratchet denotes a spatially 
asymmetric energy landscape 
and the chemical change defines 
a temporal direction [6]. 
How can one distinguish 
between power-stroke and 
Brownian ratchet mechanisms? This is easy — apply an external 
force. In the power-stroke 
mechanism, force will have 
little effect on the forward rate 
constant. This is because the 
chemical change produces 
only a localized conformation 
change and a load force will 
have little effect on the difference 
in energy between the initial 
state and transition state (the 
intermediate state in which the 
chemical change has occurred 
but the structural one has not). 
By contrast, in the Brownian 
ratchet mechanism, a load 
force will have a big effect 
on the forward rate constant 
because a large structural 
change implies a large increase 
in energy of the transition state 
relative to the initial state. Note 
that the two mechanisms are 
distinguished by the magnitude 
of the displacement fluctuations 
of the load-bearing part of the 
protein. Either mechanism may be 
associated with large fluctuations 
of non-load-bearing domains.
Mixed mechanisms. The load 
dependence of rate constants 
can be measured experimentally 
by using optical traps or atomic 
force microscopes. A Brownian 
ratchet mechanism predicts an 
e-fold decrease in the forward 
rate as the load force is increased 
by kT/d, where k is the Boltzmann 
constant and T is the absolute 
temperature. A large stroke 
distance d implies that a small 
force has a big effect. Because  kT ≈ 4 pN·nm at room 
temperature, stroke distances 
on the order of nanometers  
give rise to characteristic forces 
on the order of a piconewton 
(1 pN = 10–12 N). Often it is 
found that a rate has a load-
dependence that is not as strong 
as that predicted by a Brownian 
ratchet mechanism: the transition 
state is therefore intermediate in 
distance between the initial and 
final states, corresponding to a 
mechanism that is intermediate 
between the two extremes [7]. 
Is one mechanism better than 
the other? The power-stroke 
mechanism has the advantage 
over the Brownian ratchet 
mechanism of speed. Because 
viscous and elastic forces scale 
differently with dimension, a 
high-energy transition state 
is reached more quickly if it is 
spatially close to the initial state 
[7]. Therefore power-stroke 
mechanisms are good for 
motor proteins that move large 
distances of several nanometers 
between binding sites on actin 
filaments or microtubules. DNA 
and RNA polymerases are at the 
other extreme: because they take 
very small steps, only 0.34 nm 
between bases on the double 
helix, they can get away with a 
Brownian ratchet mechanism. 
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Figure 2. Powerstroke and Brownian rat-
chet mechanisms. 
In the powerstroke mechanism (counter-
clockwise), the chemical change (red → 
green) drives the subsequent structural 
change (rotation of the lever to the right). 
In the Brownian ratchet mechanism 
(clockwise), the structural change oc-
curs by thermal fluctuation of the load 
and is followed by a chemical change 
which locks it into place. 
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What attracted you to 
biomechanics in the first place? 
It seemed a possible way to 
save my PhD. I was working 
in the Cambridge University 
Zoology Department, on the 
gas-filled swimbladders that 
serve as buoyancy organs in 
fishes. We thought they might 
have a secondary function as 
pressure sensors. Expansion 
and compression of the gas, as 
the fish swam up and down in 
the water, might be detected by 
sense organs in the swimbladder 
wall. I was subjecting fish to 
small pressure changes, and 
trying to record responses in the 
brain. Sixteen months’ work had 
yielded no useable results. But 
I was sharing a laboratory with 
Ken Machin, who had trained 
as a physicist. He suggested 
I should shift my interest from 
the neurophysiology of the 
swimbladder to its mechanics, 
and I completed my PhD 
successfully in a further 19 
months.
Have you ever looked back? 
I wavered badly after an 
expedition to the Guyana rain 
forest in 1960. I was carried 
away by the amazing diversity 
of the fish fauna, and especially 
by the adaptive radiation of the 
jaws and teeth of characins 
and catfishes. I wrote a couple 
of papers on them, and almost 
settled down to be a descriptive 
functional morphologist. 
Fortunately (I think) I soon 
decided that biomechanics was 
a more promising field, both 
for scientific progress and for 
a career. I became interested 
in relating the mechanical 
properties of bone and muscle 
to the performance required of 
them in strenuous activities. 
For example, most teleost fish 
feed by sucking food into their 
mouths. I recorded pressures 
inside their mouths, calculated 
the stresses in the muscles 
involved, and found that they 
were close to the maximum 
stresses recorded in experiments 
with isolated muscles.
And you soon abandoned fish, 
didn’t you? I realised that fish 
are difficult material, for that kind 
of research. The hydrodynamic 
forces on them are distributed 
over their bodies, and there 
is some awkwardly complex 
anatomy, notably in the structure 
of the head and the arrangement 
of fibres in the swimming muscles. 
Legs are much easier. Forces 
on the feet can be recorded by 
means of a force plate set into the 
floor, and the skeleton is a simple 
system of levers. A move from 
Bangor to Leeds in 1969 seemed 
a good opportunity for a new 
start. 
In my early days at Leeds I 
investigated the mechanics of 
jumping by a dog, as another 
example of a strenuous activity. I 
found that as the ankle bent and 
extended again, in the last footfall 
before take-off, the calf muscles 
remained almost constant in 
length: most of the movement 
was due to stretching and recoil 
of the Achilles tendon, which had 
a catapult-like effect. Previously 
we had thought of tendon as 
an almost-inextensible link 
between muscle and bone. Now 
it appeared that it might have an 
important function as a spring. I 
went on with colleagues to show What does it mean for a 
molecule to generate force? 
A good way to think about the 
force generated by a molecular 
machine is that force is one of the 
products of the cyclic, fuel-
consuming chemical reaction. If 
the chemical reaction is favorable 
it will go forward even against 
a moderate load force. But if 
the force is too high, then it will 
inhibit the reaction, just like a 
high concentration of a chemical 
product would. 
Force generation or force 
sensation? Rather than being a 
force-generating enzyme, it might 
be better to think of a protein 
machine as being a force-sensitive 
enzyme. Indeed, suppose that 
the different chemical states in 
Figure 1A correspond to different 
signaling states: the red state 
could be the closed state of an 
ion channel or the inactive state 
of a kinase and the green could 
be the open or active state. Then 
a rightward-directed force will 
tend to bias the channel into its 
open or active state. In this case a 
transition between two states can 
be used for sensing force rather 
than generating it. 
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